BACKGROUND: Animal studies and theory show fermentable carbohydrate (FC) intake causes appreciably thermogenesis, but a similar occurrence in humans is controversial. HYPOTHESES: (a) That indirect calorimetry (IDC) is a valid method to assess thermogenesis during fermentation. (b) That a consistent and rigorous approach to the analysis of published IDC data from human studies will establish a representative thermogenic response to FC. (c) That conventional estimates of food energy and energy requirements can mismatch appreciably, more especially when thermogenesis is ignored. PURPOSE: To derive information and understanding of IDC, thermogenesis and energy balance in relation to food energy and energy requirement estimates. METHODS: (a) The validities of IDC equations that estimate the heat of reaction and carbohydrate utilization were assessed for various types of FCs under various circumstances. (b) Pooled analysis of eight published randomized cross-over studies in humans with elevation of FC intake. Studies were analysed for the first time or reanalysed according to a consistent approach with appropriate corrections for confounders. (c) Some 1500 regular and 'special' diet compositions were examined to assess the extent to which Atwater general food energy factors and updated estimates of energy requirements mismatch due to variation in substrate-associated thermogenesis and substrate-associated faecal þ urinary energy losses. Impact of such mismatches on BMI was assessed under conditions of all else being equal. RESULTS: (a) Indirect calorimetry was valid, providing robust estimates of heat production during various types of fermentation; only small correction factors were necessary. By contrast, IDC equations for carbohydrate utilization sometimes applied poorly to FC. (b) A best estimate of thermogenesis in humans due to fermentation, above that due to oral glucose as a reference standard, was 0.39 (s.e.m. 0.14) kJ per kJ net metabolizable energy (NME; P < 0.05, n ¼ 8 studies, total 72 humans) compared with 0.34 kJ=kJ from theory. Six sources of bias were identified; all had potential to underestimate FC thermogenesis. (c) Mismatches in energy availability and requirement estimates were often marked and translated into long-term differences in body mass index from $20 to 33 kg=m 2 in average-height middle-aged initially obese women, and from $22 to a non-survivable 13 kg=m 2 in initially slim women. CONCLUSIONS: (a) Indirect calorimetry is valid for the present purpose. (b) Thermogenesis in response to FC is real in humans and is comparable to that in animals and in theory. (c) Mismatches between estimates of energy requirements and dietary energy as metabolizable energy means the two expressions are not directly comparable, which has implications for the expression of food energy, energy requirements and the conduct and interpretation of research related to body weight.
Introduction
Fermentable carbohydrates (FC) escape small intestinal digestion to undergo fermentation in the large intestine releasing absorbable energy as short-chain organic acids (SCOA). 1 Thermogenesis due to fermentation and SCOA oxidation in excess of that for glucose is appreciable in proportion to the energy supplied by FC, 2, 3 but it has been claimed that the heat generated might contribute to energy requirements and so positive energy balance. 4 This claim is examined here.
There is a call for improved knowledge of energy balance methodology 5 and the Food and Agriculture Organization gave emphasis to indirect calorimetry (IDC) in regard to carbohydrates. 6 This is of special importance to the Codex Committee on Nutrition and Foods for Special Dietary Uses 7 regarding international advice on food energy factors. In addition, the prevalence of obesity is rising, 8, 9 health benefits from modest weight reduction are realized, 10 -12 and there is need for wider understanding of the poor value of food (metabolizable) energy factors currently used. 3 At the time of the present analysis of thermogenesis due FC intake, eight useful IDC studies had been published. 13 -19 For a variety of reasons the results were unclear: In half the studies no attempt was made to estimate thermogenesis due to FC ingestion. The validity of IDC during fermentation was left as an open question in all studies. Most studies relied on crude metabolizable energy intakes and expenditures by neglecting combustible gas production (H 2 , CH 4 ). Different experimental designs and data analysis were used. Adding to the lack of clarity are confusion over carbohydrate terminology and studies with too little FC, too short a duration, and too little background information; 20 -22 such studies are excluded here. Adjusting for confounding factors and errors in IDC equations during fermentation establishes a more coherent view here. To enable this, the validity of the equations of IDC during fermentation had to be established.
Carbohydrate terminology
Terminology is slowly changing. 23, 24 That in Figure 1 is based on common usage. In brief, carbohydrates have been described according to their occurrence, physiological behaviour and chemical form: 'Dietary', 'faecal' and 'urinary' are adjectives describing the place of occurrence (cf. 'dietary carbohydrate'). Behavioural adjectives include 'available' (via the small intestine without excretion in urine cf. 'available carbohydrate'), 'unavailable' (the opposite and equally definitive adjective giving 'unavailable carbohydrate'), any 'fermentable' (in the large intestine without excretion in faeces, giving 'fermentable carbohydrate'). Measurement of the occurrence of a chemical form in the diet, faeces, urine and at the terminal ileum ('unavailable carbohydrate', 'nondigestible carbohydrate') has enabled partition of carbohy- Figure 1 Carbohydrates in human nutrition. Carbohydrates pertaining to the present study are shown in bold type with subscript study number ( Table  1) . Terms found in the literature other than those shown above include: low-digestible carbohydrate, which includes both unavailable and partially (un)available carbohydrates. Complex carbohydrate, which includes available and unavailable carbohydrates other than sugars, polyols and oligosaccharides. Unavailable complex carbohydrate includes only those complex carbohydrates that escape digestion and absorption in the small intestine. In future it may be that all unavailable carbohydrates plus lignin and associated substances are regarded as dietary fibre.
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drates into 'available carbohydrate' and 'FC'. Unavailable carbohydrate and some modern definitions of dietary fibre are essentially synonymous, the latter term is more 'consumer friendly', both include non-digestible saccharides, but dietary fibre assays may include some non-carbohydrate (lignin and associated substances). Figure 1 highlights those FCs employed in the studies represented here.
Indirect calorimetry
Concern has been expressed about the validity of IDC equations during anaerobic fermentation in humans as follows: Fermentation generates carbon dioxide without oxygen consumption, which might invalidate IDC. 15, 28, 29 The process of bacterial growth occurs with unknown stoichiometry. 1, 15 Hydrogen more than methane gas production occurs in humans, whereas IDC equations were devised for animals generating methane. 30 FCs may have respiratory gas exchanges (CO 2 =O 2 ) that differ from unity assumed in the IDC equations. 13 Established hydrogen sinks (H 2 , CH 4 , acetogenesis, sulphide reduction) appear inadequate to sink all the excess hydrogen donated during anaerobic fermentation in humans. 1 Further, no assessment has been made of the impact of microbial biomass synthesis on equation validity. Texts 31 and reviews 30,32 -34 address only some of these aspects, then only briefly and inconclusively. For these reasons the validity of the equations of IDC during anaerobic fermentation was examined.
Theory of indirect calorimetry with fermentable carbohydrates: heat production
Where possible, nomenclature is styled on or derived from the National Research Council.
35
The principal equation Heat energy (HE) production can be estimated using measurements of oxygen consumption (V O2 ; l), carbon dioxide production (V CO2 ; l) and the weight of urinary nitrogen excretion (W Nu , g); in humans these are the three most important determinants:
The coefficients in equation (1) derive from the complete oxidation of glucose, lipid and protein, but the equation is valid should de novo lipogenesis occur. 30, 32 Corrections for combustible gases Terms for hydrogen (V H2 ; l) and methane (V CH4 ; l) (derived in Table 1 ) correct for the incomplete oxidation of carbohydrate: 14, 30, 33 HE ðkJÞ ¼ 16:599V O2 þ 4:241V CO2 À 4:464W Nu . . .
These corrections can be approximated from the weight of carbohydrate fermented À0:2 Â W FC . This assumes Corrections for the structure of FC Certain FCs are more reduced or more oxidized than glucose and some include amines. The fermentation stoichiometries for the major ones in human diets are shown in Table 1 . Stoichiometries are shown with and without combustible gas and biomass production. Application of IDC equation (1) to these stoichiometries yields estimates of heat energy (HE) production that sometimes disagree with corresponding heats of reaction (DH) (see Table 1 ). The disagreements or equation (1) errors seem generally small (5% or less), although in the present context a 5% error corresponds to 25 -30% of the thermogenesis expected on theoretical grounds when carbohydrate is fermented. 36, 38, 39 Correction factors (error per g substrate) can be applied to minimize such errors, eg after ingestion of sorbitol (W sorbitol , g) (see Table 1 
Correction factors for accumulation or excretion of intermediates are derived in Table 2 . Normally, SCOA excretion in faeces is small and is about 3% of those produced.
-42
Excretion of biomass (protein and fat) generated from FC The process of microbial biomass production in the colon is complex. Urea is used, diverting nitrogen from urine to faeces. 43 Protein oxidation in the macro-organism therefore has to be an integral part of the consideration of how biomass production affects the results of IDC (Figure 2 ] is converted to hydrogen gas and methane. The SCOAs generated are normally absorbed and oxidized.
The stoichiometry in Figure 2 is fixed by determinants relevant to humans. Firstly, the molar ratio of acetic : propionic : butyric acids was set to averages of 60 : 24 : 16 as in vivo. 42 Second, the excretion of H 2 gas and CH 4 was set to the average proportion in vivo 44 -46 and to an energy content of 0.03 kJ per kJ FC, as in vivo. 36 Third, by setting the production of oxidizing equivalents [O ÁÁ ] to exactly equal the reducing equivalents [Ḣ ] that are unused in combustible gas production, a numerical solution was found for the quantity of urea required in the fermentation process. Fourth, to give a viable composition to the microbial biomass produced, tri-long-acylglycerol production was assumed to be 5% by weight of the protein produced. These determinants predict a biomass production (sum of protein and tri-long-acylglycerol) equal to 0.27 kJ=kJ glucose used in the fermentation process, which is in excellent agreement with the 0.30 kJ biomass per kJ carbohydrate fermented in vivo. 36, 38, 39, 47 The estimate of heat energy (HE) production by equation (2) is almost identical to the heat of reaction (DH) for the whole process shown in Figure 2 , and so the correction factor for biomass production is negligible (just 0.03 kJ=g glucose fermentation; box in Figure 2 ). Biomass production therefore has practically no impact on the accuracy of the estimate of energy expenditure when whole body protein oxidation is assessed via urinary nitrogen excretion.
Errors in the estimation of substrate oxidation
These errors and corrections are not directly relevant to the inquiry into thermogenesis, but require comment in regard validity of this aspect of IDC. Non-protein heat energy (HE np ) is usually estimated from HE (equations (1 -4) The H eq O 2 and RQs of FCs often differ from those for glucose, which results in NCU estimates ranging from 0.73 to 1.69 times the amount of FC really used (Table 2) . Galactosamine and N-acetylglucosamine may yield ammonia in the colon, excreted in urine as urea. When this occurs the standard calorimetry calculations portray some heat from carbohydrate as coming from protein oxidaFermentation, energy availability and requirements G Livesey tion. Reciprocal corrections of protein and carbohydrate oxidation can be made when the extent of the process is approximated ( Table 2) . Accumulation of intermediates such as lactic, acetic, propionic or butyric acids would cause underestimation of carbohydrate utilization (Table 2 ). Neglecting normal amounts of combustible gas and biomass production by contrast leads to overestimation of FC used by 3 and 6%, respectively (totalling 10%), of carbohydrate fermented ( Table 2) .
The balance of several errors is sometimes negligible, eg fermentation of one mole disaccharide polyol leads to underestimation of carbohydrate utilization by only 0.04 kJ=kJ, which is the balance of error due to saccharide structure (0.14 kJ=kJ polyol) and excretion of H 2 , CH 4 , and biomass (70.10 kJ=kJ). With uronic acids the error is large at 70.79 kJ=kJ (the sum of 70.69 and 70.10 kJ=kJ, respectively). Accuracy may therefore depend on knowledge about FC utilization.
Energy loss from FC as heat in proportion to energy available as NME
The theoretical heat loss Energy loss as heat is theoretically the sum of the heat of fermentation (H f E) and the heat of oxidation of absorbed SCOAs in place of glucose ostensibly for equivalent net ATP gain ðH s EÞ. 3 The former arises during the conversion of urea and glucose to biomass, combustible gasses and SCOAs; when calculated for the human circumstance H f E is 0.07 kJ=kJ glucose fermented ( Figure 2 ). This value is similar to that in animals. 3, 48, 49 The latter heat (H s E) was estimated previously to be approximately 0.15 kJ=kJ absorbed SCOA oxidized, 36,50 -52 which corresponds to 0.10 kJ=kJ glucose fermented since 0.67 kJ SCOA are generally produced per kJ glucose fermented ( Figure 2 ). The sum of H f E þ H s E is therefore 0.17 kJ=kJ gross energy in FC. Since 50% of gross energy from FC is available to support work and energy balance as NME (Figure 2 3,36,39 ), this corresponds to 0.34 kJ=kJ NME. The present paper assesses whether this amount of heat is lost in humans.
Possible dependence of heat production, substrate oxidation and energy supply on the microbial population The stoichiometry in Figure 2 describes the general case. Deviations are represented in Tables 1 and 2 . Provided the inputs (eg carbohydrate structure) and outputs (eg SCOAs, combustible gases, biomass) can be approximated, then appropriate corrections can be made independently of the composition of the microflora present. The mixture of Figure 2 but without biomass production. j With the biomass production as shown in Figure 2 , but without combustible gas production. k For the whole reaction shown in Figure 2 .
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SCOAs absorbed is not readily determinable, but has little effect on the net ATP gain per kJ mixed organic acids oxidized.
1,36
Description of human calorimetry studies investigating FC When analysis began, eight studies with necessary information were identified (Table 3) . 13 -19 Two studies used hood calorimetry with rapidly fermentable carbohydrates and six used chamber calorimetry for 24 h or longer. One study twice investigated tagatose; these were pooled to maximize confidence in the result. Two studies compared similar mixed diets with different intakes of FC as non-starch polysaccharide (mixed NSP) or total dietary fibre (mixed TDF). In the last study information was pooled from three mixed diets of varied fat content to maximize confidence in the result. All studies had a crossover design with meals of higher (H) compared with lower (L) FC intake (Table 3) . Three studies replaced sucrose (studies 1 and 3) or starch (study 7) as reference carbohydrates with FC. In four studies FC was supplementary (studies 2, 4, 5 and 6). In study 8 a reference data set was constructed here for a comparable glucose meal because published data from the reference arm was unreliable. Observations in all studies were adjusted to a common reference carbohydrate, glucose.
3,50 -53 Unavailable carbohydrate that was not fermented was considered inert in the context of thermogenesis; the remainder was 'FC' (Figure 2 ). To avoid attributing too much significance to individual studies they are referred by number (1 -8) and level of FC intake (H or L).
Body weight and weight change due to FC intake
Four studies reported lower body weights after treatment with FC (Table 4 ). This outcome is typical, 10, 56, 57 and has been accounted for in the subsequent derivation of thermogenesis by normalizing heat production for body weight. Where change in body weight is not reported some underestimation of thermogenesis due to the FC treatment might result.
Estimates of net metabolizable energy intake from the FCs Net metabolizable energy from the FCs (NME FC ) was calculated using the 0.5 availability factor (Figure 2 36,38,39,58 -60 ). 
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Values of NME FC ranged from 62 to 425 kJ per period of investigation, which corresponds to $0.02 -0.07 kJ NME=kJ cHE (Table 4) .
Crude metabolizable energy: correction for combustible gases
All but one study reported 'crude' metabolizable energy intakes (Table 4) , ie without account of energy losses as combustible gases. Metabolizable energy (ME) is then:
This assumes 0.03 kJ combustible gas is released per kJ of FC ingested, 34, 36 where W FC and DH c are the weights and heats of combustion of the FC, respectively. Corrections made ranged from 0 to 13 kJ per period of observation (Table 5) , the latter equivalent to 18% of the expected thermogenesis from FC.
Crude heat energy: correction for combustible gases
All but one study assessed heat production without correction for combustible gases. A combustible gas correction was applied to the crude estimates of heat production (cHE) according to the weight of FC ingested (cf. equation (2), option in text). The corrections ranged from 0 to 5 kJ per period of observation (Table 5) , and are $7% of the theoretical amount of heat generated from FC in all cases.
Heat energy: correction for accumulation of intermediates
No corrections were applied. During calorimetry of 24 h or longer the error due to faecal excretion of SCOA would be negligible and would correspond to < 0.5% of expected thermogenesis. Study durations were short for isomalt and lactulose (6 or 7 h) and organic acids may have accumulated in the colon. The largest hypothetical error, acetic acid accumulation (1 kJ=g acid; Table 2 ) in maximum amount (0.67 g=g carbohydrate fermented), would cause underestimation of thermogenesis by 0.67 kJ=g FC, which corresponds to 26% of the expected thermogenesis. Although some acid accumulation will have occurred, it is unlikely to have been so extensive.
Heat energy: correction for carbohydrate structure Studies 2, 4, 7 and 8 required no correction as substrates were polyhexoses, or correction had been made in the original publication. Amongst the remainder, the largest correction for substrate structure was 7 kJ per period of observation (study 1, Table 5 ), and is the product of intake (50 g lactitol) and the disaccharide alcohol correction from Table 1 (0.14 kJ=g). This amounted to an error equal to 5% of the theoretical amount of heat released from this FC.
Heat energy: correction to zero energy balancemetabolizable energy for maintenance Energy balance ranged from 7 1341 to þ 2035 kJ per observation period and varied between treatment arms of the Fermentation, energy availability and requirements G Livesey same study (Table 5 ). Adjustments to zero energy balance overcomes this problem and yields metabolizable energies for maintenance (ME m ): 14, 17, 53 ME m ¼ HE À 0:053 EB < 0 or ME m ¼ HE À 0:111 EB > 0 ð9Þ
These corrections correspond to efficiencies of use of ME for ME m of 0.95 kJ=kJ during negative energy balance and 0.90 kJ=kJ during positive energy balance. 14, 17 The corrections (Table 5 ) ranged from 7 72 to þ 226 kJ per period of observation, with differences between treatment arms ranging up to 47 kJ (for study 1). The last is equivalent to 30% of the expected thermogenesis from the FC treatment.
Metabolizable energy for maintenance (ME m ): adjustment to a common reference substrate, glucose
Glucose has long been used as reference against which to compare thermogenesis from other substrates.
3,50 -53 However, some studies used sucrose or starch or mixed diet (Table  3) , which have thermogenic responses of approximately 3, 0 and 5% of ME higher than for glucose, respectively. 3,53,61 -63 To make the various studies comparable, adjustments of the ME m of the reference (L) diets were made towards values that would be expected had glucose been the reference: Adjustment to ME m ðreference dietÞ
The term W FC Á DH c is the weight and heat of combustion from the treatment FC and is equivalent to the ME of reference glucose that FC would replace. The term 1 À ðNME ref used =ME ref used Þ describes a fractional heat production from the reference. Example calculations are given in the footnotes to Table 5 . Adjustments ranged from 0 to 26 kJ, the latter equivalent to 10% of the thermogenesis expected from the corresponding FC. In the studies where no reference carbohydrate was used, the mixed diet became the effective reference substrate due to the correction to zero energy balance when calculating ME m .
Metabolizable energy for maintenance: correction for substrate impurities Impurities accompanying FC may affect the result. 64 For example, with sugar-beet fibre (study 4, Table 5 ) the correc- Table 3 . k The net metabolizable energy (NME) is the product of FC intake (W FC ), its heat of combustion and availability of energy as NME (0.5; NME FC ¼ W FC Â DH c Â 0:5);
example, study 8, NME FC ¼ 7:3 Â 17 Â 0:5 ¼ 62 kJ.
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tion for the associated sucrose and protein was 42 kJ (29% of expected thermogenesis from the FC).
Metabolizable energy for maintenance: normalization for body weight and FC intake
To place data within and between each study on a comparable basis, ME m calculated after the above corrections was normalized for body weight and FC intake per unit body weight. After the normalizations, seven of eight studies indicated higher heat production in the groups consuming FC (Table 6 ). Of these, three studies appeared to show statistically significant increases (P < 0:05). These corresponded to studies with the highest absolute intakes of NME from FC or the highest intake relative to energy expenditure (Table 4) .
Thermogenesis due to FC in proportion to NME
Individual study results (dHE=NME; Table 6 ) are shown in Figure 3 in order from the highest to the lowest. Only the extreme results differed in any way from the theoretical expectation (dashed horizontal bar in Figure 3 ). Giving equal weight to each study gave an overall mean thermogenesis of 0.32 (s.e.m. 0.12) kJ=kJ NME (P < 0:05). Slightly higher values were obtained by weighting the studies according to either their residual errors or according to the product of FC intake, duration of IDC, and number of subjects per study, these being 0.39 (s.e.m. 0.14) kJ=kJ NME (P < 0:05) and 0.39 (s.e.m. 0.12) kJ=kJ NME (P < 0:02), respectively.
Comparisons with animals and theory
The present result in humans is compared with dietary fibre in rats, 64 isomalt as a representative of the polyols in rats, 65 isomalt in humans (from herein), and with the theoretical value. All were similar ( Table 7 ).
The impact of body weight change during treatment
It might be asked whether the thermogenic response to FC in humans is simply due to decrease in body weight after FC intake. Three pieces of evidence show this is not the case. Firstly, six of the eight studies indicated heat production to be higher after elevation of the FC intake before accounting (10) at footnote e above) applies to the 40% of the sugar beet fibre external to bread¼ 25:5 Â ð40=100Þ Â ð1 À 0:95Þ Â 17 ¼ 9. g The correction (equation (10) at footnote e above) applies to 28 g inulin hydrolysed to fructose in bread;¼ À28 Â ð1 À 0:97Þ Â 17 ¼ À14. h The correction (equation (10) at footnote e above) applies to approx 11.5 g protein and 5 g sucrose in the sugar beet fibre preparation. Corrections: for protein À11:5 Â ð1 À 0:8Þ Â 17 ¼ À39; for sucrose À5 Â ð1 À 0:97Þ Â 17 ¼ À3, and total À39 À 2 ¼ À42. i ME m ¼HE7correction to zero energy balance7correction to glucose reference (diet L) þ correction for impurities (diet H).
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for body weight change; this became seven only afterwards. Second, studies grouped by reported change in body weight (studies 1, 3, 5 and 6) and unreported weight change (studies 2, 4, 7 and 8) gave similar results (0.33 and 0.33 kJ=kJ NME, respectively, as medians -used because the grouping split the highest and lowest study values). Third, in study 8, the thermogenic response to FC can be seen during the time course after a meal when body weight may be regarded as constant (studies 7 and 8, Figure 4 ). Further, similarity in results from humans, animals and theory is not explainable by body weight effects.
Factors potentially causing bias in the estimate of thermogenesis in response to FC
Six sources of bias are noted that partly mask thermogenesis due to FC. Firstly, body weight may fall with FC intake with an attendant fall in energy expenditure (Table 4 10,56,57 ). Second, FC may increase the weight of intestinal digesta so causing total body weight to over-represent the weight of active tissue, and underestimating normalized expenditure. Third, with studies on sugar replacers, thermogenesis would be partly masked should sucrose as reference substrate be slightly thermogenic relative to glucose.
3,61 -63 Fourth, higher FC diets tend to be consumed in smaller amounts causing energy spent on deposition to be less so partly masking the thermogenesis due to FC. Fifth, minor movements may be more frequent after the consumption of highly digestible carbohydrate, 14 and may mask the full extent of thermogenesis due to metabolism of FC. Sixth, accumulation or loss of SCOA will tend to cause under estimation of energy expenditure when intake of FC is increased (Table 2) .
Sometimes it is considered that a larger mass of intestinal mucosa due to greater FC intake might increase energy expenditure. 66 However, there is no evidence of this as a general response in the present studies, although it is Figure 3 Heat production in humans due to the consumption of FCs.
Results are given in decreasing order accompanied by study number (from Table 6 ). Error bars are s.e.m. (n ¼ 6 -12, Table 6 ). The horizontal dashed bar shows the theoretical value. No result differs significantly from the theoretical.
Fermentation, energy availability and requirements G Livesey possible such thermogenesis was offset by residual bias from the sources mentioned. Studies in small animals also generally show an absence of such a response, 64 except possibly for high intakes of certain viscous polysaccharides. 64, 67 A similar response to viscous polysaccharides has yet to be established in humans.
Thermogenesis with different types of FC in humans
Studies on thermogenesis at realistic intakes of FC are necessarily of low power. Therefore it is not possible to make meaningful inferences about suggested findings of considerable thermogenesis after sugar-beet fibre 17 or the absence of thermogenesis after the ingestion of tagatose. 16 Amongst the studies examined these provided the most discordant of observations (see Figure 3) and may have arisen simply by chance. Consistent with this, studies of sugar-beet fibre and tagatose in animals do not diverge. 64, 68 As in animals 64, 65, 67, 69 there is no indication that the lower molecular weight FC (here lactulose, lactitol, isomalt, tagatose as a group) differ from the higher ones (here inulin, sugar-beet non-starch polysaccharide (NSP), mixed-diet NSP, mixed-diet TDF as a group) in their thermogenic response (Table 6 ); thus medians were 0.33 and 0.30 kJ dHE=kJ NME, respectively.
A related question is whether laxation per se directly affects faecal energy losses. Polyethylene glycol 3350 (PEG) has similar laxative properties to lactulose but the effect on loss of organic matter to faeces (other than as PEG) is minimal 70 at just 0.5 (s.e.m. 0.1) kJ FE=g PEG ingested (P < 0:03) or 3% of the gross energy content of the PEG (author's calculations). Thus laxation (water movement) per se has negligible effect on faecal energy losses.
People differ in their laxative responses to carbohydrates. 71, 72 However, the above observations would suggest there is no reason to believe laxation per se would affect the relation between carbohydrate fermentation, faecal energy and thermogenesis. a CHO, carbohydrate. b dHE, difference in heat production between control and test dietary groups, at present due to fermentable carbohydrate. NME, net metabolizable energy, at present of fermentable carbohydrate. c Inulin, isomalt, lactitol, lactulose, mixed dietary fibre, sugar-beet fibre, tagatose (Table 3) , data ( Table 6 ). d Variously fermentable nonstarch polysaccharides of whole and isolated NSPs from sugar-beet fibre, in a study with 10 treatment groups of 10 rats; data from Smith et al. 64 e Net metabolizable energy of isomalt in rats was 8.1 (SE 1.3) kJ=g. 65 Treatments were 12 study groups of 10 rats each; groups comprising three levels of isomalt intake and four planes of nutrition. Given a metabolizable energy for isomalt as low as 11 kJ=g, this corresponds to a value for thermogenesis of (11 7 8.1 (s.d. The significance of FC and other substrate-mediated thermogenesis: matching dietary energy to energy requirements
The significance of variation in diet composition for substrate-related thermogenesis (as dHE) is of current concern in regard to the assessment of energy availability and requirements. Concern is least (but not insignificant) when viewed from the perspective of energy requirements, but is considerable when comparing foods or dietary energy values. The frequency histograms in Figure 5 (bold curves) show how substrate-associated thermogenesis above that for glucose (dHE) calculated for about 1500 common diet compositions (legend of Figure 5 ) differs from that for an average diet (dHE), for which the average diet of British women 73 was regarded representative for the present purpose. dHE also represents the dHE reckoned for in an energy requirement estimate. Departure from this value (ie dHE À dHE) owing to change in diet composition is a heat production not reckoned for in the energy requirement estimate but is available from metabolizable energy and so describes the mismatch between dietary metabolizable energy and energy requirement estimates.
With the commonly encountered diets (Figure 5a , right distribution) the mismatch ranged from 7 3 to þ 2%, with dietary fibre contributing to about a half of this range. Errors from this source might seem small enough to neglect when estimating energy requirements. However, this undermines differences between common diets of up to 5% (from 7 3 to þ 2%) in the energy they supply towards work and the maintenance of energy balance (and vastly undermines differences between foods as will be discussed). In their 1985 report the FAO=WHO=UNU 74 considered errors of 2.5 -5% were worthy of taking into account. Accordingly, NME factors that account for dHE 3 could justifiably replace ME factors when comparing energy availability from different foods and diets.
Consideration of particular dietary circumstances 75, 76 adds to a need to account for the mismatch. For example, 30 g FC replacing available carbohydrate would shift the mismatch leftwards, extending the span of mismatches to 6% (Figure 5b) . A very high-fibre therapeutic diet for diabetics 77 expands the span of mismatch to 7% (Figure 5c ), and a low-protein diet for renal patients would extend the mismatch span to 9% (Figure 5d ). Very-high-protein diets (44% protein) are thought to be rarely eaten but may be consumed by certain traditional peoples and obese individuals undergoing treatment, and potentially to help reduction of atherogenic metabolic risk in the abdominally obese. 78, 79 Such diets would expand the mismatch span to 11%. The possible mismatch with clinical feeds is twice this span.
When considering the overall error from estimating dietary energy using the method of Atwater (cf. the 1985 WHO=FAO=UNU report), that is accounting for errors in the prediction of ME in addition to errors due to not taking dHE into account, the mismatch for regular diets ranges from 7 7 to þ 1% with a span of 8% (Figure 5a , left replacer to the higher dHE is illustrated by dashed curves; the vertical band between opposing arrows shows the maximum contribution to band widening by the same amount of sucrose. Diets were: (a) $1500 regular diet compositions varying in dietary fibre (1 -4% ME, step 1%), protein (10 -20% ME step 1%), sucrose (10 -30% ME step 5%), the remainder (to 100%, step 10%) being starch or fat; (b) the same regular diets plus 30 g FC (carbohydrate replacer) less 30 g starch; (c) the same regular diet compositions as at (a) with ME from dietary fibre being 1 -10% ME step 2% (cf. intensive treatment of type 2 diabetes mellitus 77 ); (d) diets of the same composition as at (a) with protein ranging from 4% ME (just meeting the WHO=FAO=UNU (1985) protein requirement) 74 to 44% (maximum tolerable as demonstrated by traditional diets). Figure 5 ) is potentially as high as 25% ( 7 22 to þ 3%) with dHE À dHE making substantial contributions (Figure 5a, d) . These differences, to which FC contributes, are difficult to ignore in any accounting system.
Significance of the mismatch of energy availability and requirements in terms of body mass index
It is useful to consider mismatches in dietary energy values and energy requirement estimates (all else being equal) in terms of impact on BMI for mismatches that occur commonly in the range 7 15 to þ 5% ( Figure 5 ). For example, when feeding slim middle-aged women (body mass index (BMI) 20 kg=m 2 ) diets of different composition but of the same Atwater ME value, incognizance of these mismatches would unexpectedly result in their BMI eventually falling into the range between 22.4 to (if sustainable) 12.8 kg=m 2 ( Table 8 ). The latter women would probably become terminally ill before reaching such a low BMI; our incognizance would kill if it were not for overriding natural defence mechanisms, such as hunger and reduced physical activity. In similar circumstances for obese middle-aged women (BMI  30 kg=m 2 ) 80 the outcome BMIs would range from 32.9 to 21.3 kg=m 2 (Table 8) . That is, mismatches can be equivalent to remaining obese or becoming slim. Similar outcomes occur for men. Account of such errors in the food energy availability are important to the understanding and evaluation of mechanisms defending body weight. 81, 82 Researchers need to be aware that food energy factors are only approximate values for the purpose of fuelling work and maintaining energy balance. 3, 78, 83, 84 The approximations are sometimes substantially different between nutrient energy sources, 3 between foods (see below at Figure 6 ), between diets ( Figure 5 ) and are appreciable in terms of body weight or BMI maintenance (Table 8) . Even in situations where the influence may not seem to be marked there may be concern because the confounding bias or approximations inherent in ME factors will impact on statistical significance and interpretation of study results.
The significance of FC and other substrate-mediated thermogenesis: food energy values Like the metabolizable energy (ME) system, the net metabolizable energy (NME) system is a system of food energy factors that describes the equivalents of macronutrient energy sources. 3 For fat (F), protein (P), available carbohydrate as monosaccharide equivalent (ACm), FC (FC), non-FC (NFC) and alcohol (Alc) the two systems 3 may be described by:
ME is a potential heat energy equivalent, while NME is a biological energy equivalent valid against (a) the full energy balance equation describing energy availability, (b) the simplest theory of energy efficiency in the metabolic pathways and (c) the results of energy balance studies. 3, 78, 84 The NME system is suggested to be potentially more useful to the 86 (see legend to Figure 5 ). c Details at footnote a define an energy requirement of 7.9 MJ=day in the normal weight woman and 9.5 MJ=day in the obese woman. d However, deviation of the actual energy supplied due to bias in the Atwater factors, inapplicability of factors to novel ingredients, unavailable carbohydrates (dietary fibre), and the differences in obligatory thermogenesis between energy sources means different energy intakes result. e The actual energy supplied will sustain the different body weights and body mass indices as shown. f Not likely sustainable in practice. Fermentation, energy availability and requirements G Livesey consumer than ME in food labelling 85 and has been recommended for consideration more widely. 3, 78, 84 WHO=FAO=UNU (1985) describe the Atwater general ME system for calculation of food energy from dietary composition (see legend to Figure 6 ). In regard to food we can ask of this system: How big are the errors overall? What contribution to the error comes from thermogenesis (above that for glucose)? What contribution does dietary fibre make to such thermogenesis?
The overall error for individual foods was assessed two different ways, the results of which are compared in Figure 6 (y-axis vs x-axis). Both ways yield a ratio of calculated food energy values, namely Atwater general ME values to NME values. For the present purpose departure of this ratio from unity is described as the error in the Atwater ME system ( Figure  6 ). The two ways differed in their calculation of NME. In the first approach (y-axis) the NME value of foods was calculated using general energy conversion factors. 3 In the second approach (x-axis), NME was calculated using food-specific energy conversion factors. There are no published tables of food-specific factors expressed as NME; however, these were readily calculated from the food-specific factors for ME, the dietary fibre content of foods, and the efficiency of conversion of ME to NME for each food component (see legend Figure 6 ).
The overall error in the Atwater general ME system applied to foods reached up to 60% greater than the energy actual available (as NME; Fig. 6 ). There was good agreement between the two ways of assessing the error (Fig.  6 , solid data points. Indeed, it becomes obvious that the general system of NME factors is practically as good as the food-specific NME factors, while it is simpler to apply.
Nearly a half of the overall error shown ( Figure 6 ) was accounted for by thermogenesis above that for glucose with nearly half of the latter (range 0 -75%) due to FC. Other components contributing to thermogenesis are mainly protein and to a less extent organic acids. Scope exists, therefore, to improve the description of food energy. Attempts at improvements lacking consideration of thermogenesis would be incomplete. FC makes a contribution of practical significance to such thermogenesis and its determination requires comment (next).
Information on fermentability of unavailable carbohydrates
Fermentability is the proportion of unavailable carbohydrate that is FC (Figure 1) . 36, 54 Fermentability of unavailable carbohydrate in mixed diets is practically independent of the amount ingested and is approx. 0.7 g=g intake. 54 This corresponds to average energy values of dietary fibre (Prosky 25 or Southgate 26 methods) in mixed diets of 8 kJ NME=g or 6 kJ NME=g.
While different fibre types may differ in fermentability, the average of 0.7 g=g might be used in general; it leads to negligible error when assessing energy availability from conventional foods. 3, 78, 84, 87 In part this is because its heat of combustion (including lignin) varies inversely with fermentability, 88 and because of the co-existence in plants of fibres of differing fermentability. Separation of specific fractions of plant foods or extraction of dietary fibre into isolates can be undertaken to obtain products with specific properties, often with extremes of fermentability. For example, wheat bran for faecal bulking has low fermentability, while soluble fibres for viscosity (proxy for cholesterol or blood glucose lowering) are usually highly fermentable. Specific fermentability values can be determined in vitro, 89 in vivo 90 and in volunteers. 91 The different methods yield similar information.
36,89
Figure 6 Food energy: overall errors in Atwater ME system of food energy assessment and contributory factors. Errors (d) (departure from unity) were calculated two ways and compared (y-axis vs x-axis). The yaxis is the ratio of A=B and the x-axis is the ratio A=C where: A is the Atwater ME value 74,86,87 ¼ 16.7 ? P þ 16.7 ? TCD þ 37.6 ? F; B is the general NME value 3 ¼ 13.3 ? P þ 16.7 ? (TCD 7 DF 7 OA) þ 36.6 ? F þ 6.2 ? DF þ 10 ? OA; and C is the specific NME value 87 ¼ X ? P ? 0.8 þ Y ? TCD þ Z ? F ? 0.98 7 6.2 ? DF ? 0.8 7 10 ? OA ? 0.7. Abbreviations are protein (P), total carbohydrate by difference (TCD), dietary fibre (DF), fat (F), organic acids (OA), and specific food factor for protein (X), total carbohydrate by difference (Y) and fat (Z). Contributions to the error are shown on the y-axis: (s) total obligatory substrate-mediated thermogenesis in excess of that from available carbohydrate; (j) thermogenesis from the FC in dietary fibre. Foods were: 51 brown bread, white bread, wholemeal flour, white flour (72% extraction), oatmeal, polished rice, butter, cheddar cheese, eggs, whole raw, fresh whole milk, corned beef, beef steak, raw liver, eating apples, dried apricots, bananas, raw blackcurrants, raw green gooseberries, grapefruit, oranges, raw butter beans, raw runner beans, raw savoy cabbage, raw old carrots, raw fresh peas, peanuts, fresh, walnuts. Errors (d) were presented elsewhere as part of a EU project. 87 Fermentation, energy availability and requirements G Livesey Some saccharides would be completely fermentable other than for their partial absorption (eg isomaltulose, tagatose, xylitol, sorbitol and maltitol). A variety of experimental methods of varying quality have been used to assess small intestinal absorption and it is common to collate information from more than one method. 92 A trend between related carbohydrates or members of a homologous series can provide guidance. 36 Confirmation of thermogenesis and energy values of FC calculated on the basis of the extent of either absorption or fermentability is possible in humans, 14, 17, 93 preferably giving attention to confounding factors, and can be supported from animal models as appropriate. 36, 64, 65, 89 
Conclusions
Fermentation normally has negligible influence on the validity of IDC when assessing energy expenditure provided appropriate corrections are made. Assessment of thermogenesis due to FC requires additional corrections be made in regard possible differences in the treatment arms other than directly due to FC, such as differences in body weight, energy balance, nature of the reference substrate (for comparison with other studies and with glucose) and occurrence of combustible substrate impurities; the present paper provides methods and examples.
Thermogenesis due to the consumption of FC in humans is not merely theoretical, it is real and predictable, and agrees with both theoretical expectations and observations in animals; this validates this remaining aspect of the availability factor 0.5 for calculating net metabolizable energy available from FC. The precision of the present methodology at realistic intakes of FC suggests it is preferable, for the purpose of routine evaluation, to estimate net metabolizable energy values based on the fermentability and the 0.5 factor and minimal methodology 3 ) rather than perform IDC for each new FC.
Thermogenesis to which FC contributes varies between regular diet compositions to a practically significant extent. The overall error in both food and dietary energy assessment resolved since the FAO=WHO=UNU (1985) 74 report on protein and energy requirements is substantial, and compares with (ie equivalent to) differences in energy intake of individuals with normal and obese BMI, or between individuals with normal BMI and terminally low BMI. A component of thermogenesis contributes to this improvement, and far from being merely academic has practical importance. Mismatches between estimates of energy requirements and metabolizable energy of diets show them not to be directly comparable.
